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1 INTRODUCTION 

,' 1 T r a n s i e n t  ope ra t ions  of r e a c t o r  systems have been used f o r  many years  
in k i n e t i c  s t u d i e s  as a means of e l u c i d a t i n g  k i n e t i c  mechanisms. In the  l a s t  
two decades,  however, i n t e r e s t  has grown i n  using i n t e n t i o n a l  t r a n s i e n t  opera- 
t i o n  a s  a means of improving the  performance of chemical r e a c t o r s .  The r equ i r e -  
ment of maintaining a uniform l e v e l  of product ion a t  unsteady s t a t e  can be 
achieved through c y c l i c  ope ra t ions  i n  which one of the  v a r i a b l e s  i n  the  r e a c t i o n  
system is p e r i o d i c a l l y  s h i f t e d  between two va lues .  When viewed on a l a r g e r  time 
s c a l e  than t h a t  of t h e  p e r i o d i c  s h i f t s ,  the  system e x h i b i t s  uniform product ion.  
Figure 1 i l l u s t r a t e s  how pe r iod ic  ope ra t ion  may be performed. In t h e  LHS of the 
diagram the  normal s t e a d y  s t a t e  ope ra t ion  is shown. A feed of f ixed  composition 
i s  fed t o  t h e  r e a c t o r  and once s teady s t a t e  has been achieved, one expec t s  a 
constant  s t r eam of product  t o  flow from t h i s  u n i t ,  a s  i l l u s t r a t e d  i n  the  upper 
LHS. In t h e  c y c l i c  mode, however, t h e  p a r t i a l  p re s su re  or  concen t r a t ion  of both 
the r e a c t a n t s  making up the  feed a r e  changed p e r i o d i c a l l y  between two l e v e l s  ( i n  
t h e  s i m p l e s t  c a s e ) .  Before a new s t eady  s t a t e  is achieved a f t e r  t h i s  switch,  a 
second switch is  made back t o  the o r i g i n a l  l e v e l s .  The ope ra t ion  is cha rac t e r -  
i zed  by a pe r iod  t. It can be seen from the  diagram t h a t  i t  i s  not necessary 
f o r  the  l e n g t h  of t ime a t  the  two d i f f e r e n t  concen t r a t ions  t o  be the  same. This  
can be changed a s  w e l l  so t h a t  the  system may be exposed t o  a s h o r t  per iod in 
which t h e r e  is a h igh  concen t r a t ion  of one component and a much longer  per iod i n  
which t h a t  same component is a t  a much lower l e v e l .  This i n t roduces  a new vari-  
ab le  r e f e r r e d  t o  as  the  cyc le  s p l i t .  Add i t iona l  v a r i a b l e s  a r e ,  of course,  the 
amplitudes of t h e  i n d i v i d u a l  changes. The r e s u l t  of p e r i o d i c  changes i n  composi- 
t i o n ,  as i l l u s t r a t e d  i n  the  diagram, is a c o n s t a n t l y  varying product  composition 
a t  the  e x i t  of the  r e a c t o r .  This v a r i a t i o n  occurs  around a mean va lue  which we 
w i l l  r e f e r  t o  h e r e a f t e r  as the  time-average product concen t r a t ion ,  and from t h i s  
va lue  we  can o b t a i n  a time-average r e a c t i o n  r a t e .  

There is a growing body of l i t e r a t u r e  suggest ing t h a t  t h i s  mode of 
ope ra t ion  can cause s u b s t a n t i a l  improvements i n  c a t a l y s t  a c t i v i t y  (Unni e t  a l . ,  
1973; Asfour e t  a l . ,  1983; J a i n  e t  al., 1982; J a i n  et al., 1980; Wilson and 
Rinker, 1981; Kenny and C u t l i p ,  1976; Lynch, 1982. For CO ox ida t ion  of platinum, 
t h e  system most e x t e n s i v e l y  explored,  Lynch (1982) sugges t s  t h a t  p e r i o d i c  opera- 
t i o n  is  e x p l o i t i n g  t h e  e x i s t e n c e  of mul t ip l e  s t eady  s t a t e s  a t  low COZ/oxygen 
r a t i o s  i n  t h e  feed.  

Apart  from those  r e a c t i o n s  which e x h i b i t  mu l t ip l e  s t eady  s t a t e s ,  the 
exp lana t ion  f r e q u e n t l y  advanced for  the improvement found wi th  c y c l i c  ope ra t ion  
is t h a t  redox r e a c t i o n s  are involved i n  which p e r i o d i c  ope ra t ion  invo lves  
changes i n  t h e  coord ina t ion  of metal atoms i n  the  su r face  oxide s t r u c t u r e s  which 
can i n t e r a c t  w i th  t h e  bulk of the  system through d i f f u s i o n a l  p rocesses .  This 
g ives  r i s e  t o  a s t o r a g e  phenomena i n  the  bulk of the  c a t a l y s t  t h a t  is not  at- 
t a i n a b l e  i n  s t eady  s t a t e  operat ion.  The s t o r e d  r e a c t a n t  becomes a v a i l a b l e  
through pu l s ing .  
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Methanol s y n t h e s i s  over t h e  copper z i n c  oxide system appears as an 
i n t e r e s t i n g  candidate f o r  t h i s  new mode of r e a c t o r  opera t ion  because i t  probably  
proceeds v i a  a redox mechanism. The use  of c y c l i c  opera t ion  can be implemented 
in two  ways. The f i r s t  of these  is t o  p e r i o d i c a l l y  change the hydrogen t o  
carbon monoxide r a t i o  i n  t h e  feed j u s t  a s  has  been done in most of t h e  o t h e r  
s t u d i e s  given above. The use of carbon d ioxide  dosing of t h i s  system s u g g e s t s  
an  a l t e r n a t e  mode which might be explored. It has  been found wi th  the  copper- 
z i n c  oxide-alumina system, which forms t h e  b a s i s  f o r  many of t h e  commercial 
methanol synthes is  c a t a l y s t s ,  t h a t  t h e  c a t a l y s t  undergoes slow d e a c t i v a t i o n  
u n l e s s  a low concent ra t ion  of carbon d ioxide  is maintained i n  t h e  feed .  I n  
p l a c e  of maintaining Cop a t  a cons tan t  l e v e l ,  i t  can be pulsed i n  t h e  feed .  

In an e a r l i e r  paper (Nappi et al . ,  1984)  we examined the  performance 
of a r e a c t o r  opera t ing  under c y c l i c  v a r i a t i o n s  of t h e  hydrogen-to-C0 r a t i o  in 
t h e  feed. Even though nonl inear  t r a n s i e n t  behaviour was observed, p e r i o d i c  
f o r c i n g  of t h i s  system f a i l e d  to  improve t h e  y i e l d  t o  methanol. Indeed, t h e  
main e f f e c t  was to  roughly double t h e  production r a t e  of methane in t h e  system. 
We specula ted  t h a t  the  s u r p r i s i n g  l a c k  of improvement was due t o  r a t h e r  small 
changes in t h e  reducing power of t h e  feed  gas  in switching from hydrogen-rich t o  
carbon-rich mixtures.  When maximum amplitude experiments were c a r r i e d  out  in 
which t h e  feed var ied  between pure carbon monoxide and pure hydrogen, 
performance was  s i g n i f i c a n t l y  b e t t e r ,  but  s t i l l  f a i l e d  t o  a t t a i n  t h e  l e v e l s  
p o s s i b l e  with s t e a d y - s t a t e  opera t ion .  Thus, in t h i s  paper,  we examine p e r i o d i c  
f o r c i n g  with carbon d ioxide .  

EXPERIMENTAL 

The ques t ion  addressed i n  our experimental  program was whether 
p e r i o d i c  puls ing  of t h e  r e a c t i o n  system wi th  carbon d ioxide  could i n c r e a s e  t h e  
production r a t e  of methanol t o  a g r e a t e r  e x t e n t  than main ta in ing  a small b leed  
of t h e  same gas i n t o  t h e  system. Only explora tory  experiments were c a r r i e d  
out .  These employed the  s t o i c h i o m e t r i c  hydrogen-carbon monoxide mixture f o r  
methanol synthes is  of 2 : l .  I n  one of t h e  source  gases,  carbon d ioxide  w a s  added 
t o  a l e v e l  of 2% by volume. The experiments were then c a r r i e d  out by 
p e r i o d i c a l l y  switching the  feed from t h e  source conta in ing  carbon d i o x i d e  t o  t h e  
source  f r e e  of COz. Refer r ing  t o  F igure  1, the v a r i a b l e s  explored were per iod  
and t h e  length  of exposure t o  t h e  gas  conta in ing  carbon d ioxide ,  r e f e r r e d  t o  
e a r l i e r  as the cyc le  s p l i t .  A l l  experiments were c a r r i e d  out at a p r e s s u r e  of  
2 . 5 2  MPa and 250°C.  The c a t a l y s t  used was a commercial l o w  temperature water  
gas s h i f t  c a t a l y s t  wi th  the  fo l lowing  formulation: Cu/Zn/Al = 2 9 / 4 7 / 2 4 .  BET 
s u r f a c e  a rea  of t h i s  c a t a l y s t  was 80.0 m2/g and i t s  pore volume was measured as 
0 . 4 7 0  mL/g. Auger spec t roscopy showed 
t h e  presence of copper as Cu on t h e  s u r f a c e .  Transmission e l e c t r o n  microscopy 
i n d i c a t e d  the  c a t a l y s t  was a f i n e l y  d ispersed  mixture of var ious  phases.  

Thus. t h e  mean $ore diameter was  240 A .  

Measurements were c a r r i e d  out  us ing  a Berty reac tor .  This r e a c t o r  
behaves as t o t a l l y  backmixed which s i m p l i f i e s  experimentation, as wel l  as 
i n t e r p r e t a t i o n  of t h e  r e s u l t s .  It has  the  d isadvantage ,  however, t h a t  t h e  
r e a c t o r  conta ins  a s i g n i f i c a n t  dead volume which l i m i t s  the  swi tch ing  frequency 
in c y c l i c  operation. I f  t h i s  frequency is too high,  the wel l  s t i r r e d  dead 
volume smooths out  the  concent ra t ion  p u l s e  so t h a t  t h e  c a t a l y s t  phase s e e s  no 
change in composition wi th  time. The arrangement of t h e  experimental  equipment 
is shown schemat ica l ly  in Figure  2 .  D e t a i l s  of the  experimental  equipment are 
a v a i l a b l e  elsewhere ( J a i n  e t  a l . ,  1 9 8 3 ;  Nappi e t  a l . ,  1 9 8 4 ) .  The only change 
made from t h e  r e a c t o r  descr ibed  i n  t h e s e  p u b l i c a t i o n  is t h a t  t h e  i n t e r i o r  has 
been e l e c t r o p l a t e d  wi th  copper in an  attempt t o  reduce the methanation a c t i v i t y .  
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Blank runs  were performed t o  check methanation a c t i v i t y .  It was found 
tha t  a very small  amount of methane was produced; however, i t  is  not c e r t a i n  
whether t h i s  methane was produced on the  r e a c t o r  walls or  i n  t h e  low tempera- 
tu re ,  c a t a l y t i c  oxygen scavenging u n i t  l oca t ed  upstream from the  r e a c t o r .  
Methane found i n  t h e  blank runs ,  i n  any case ,  was w e l l  below the  methane con- 
ta ined  i n  t h e  source c y l i n d e r s  feeding the  r e a c t o r .  Cor rec t ions  were made f o r  
both methane sources .  

Analyses were performed by gas chromatogrphy using a 3-m Porapak Q 
column and a hot  wire  d e t e c t o r  i n  s e r i e s  w i th  a flame i o n i z a t i o n  d e t e c t o r .  

It was  found expe r imen ta l ly  t h a t  a c y c l i c  s t a t i o n a r y  s t a t e  was 
achieved a f t e r  about two c y c l e s  between the  CO2 con ta in ing  and CO2 f r e e  synthe- 
sis gas  mixtures .  In most cases  t h e  experiment was Carr ied out over a t i m e  
frame of many hours so t h a t  up t o  20 complete cyc le s  were run. Sampling was  
done i n t e r m i t t e n t l y ,  but s u f f i c i e n t  measurements were made t o  c h a r a c t e r i z e  com- 
p l e t e l y  t h e  time-varying methanol and methane y i e l d s .  

EXPERIMENTAL RESULTS 

Table  1 summarizes t h e  experimental  r e s u l t s  f o r  methanol production. 
Of the two v a r i a b l e s  t h a t  were explored i n  these  measurements, the per iod was 
only examined a t  12 and 30 minutes. Decreasing the  per iod e f f e c t e d  a small  
improvement. Reactor  dead space and mixing rendered experiments much below 12 
m i n u t e s  unproduct ive.  As t h e  cyc le  s p l i t  is  decreased,  however, t h e  e f f e c t  is 
the  oppos i t e ,  the r a t e  of methanol product ion dec reases .  This  is, of course,  
expected because i t  has  been demonstrated t h a t  a t  low l e v e l s  of carbon dioxide 
in the  feed ,  methanol product ion becomes p ropor t iona l  t o  the concen t r a t ion  of 
t h i s  component. Thus, a s  t h e  cyc le  s p l i t  is  decreased,  the  q u a n t i t y  of carbon 

Table 1 

Time-Average Rate of Methanol Product ion as a Function of 
Per iod and Cycle-Spl i t  With CO2 Dosing 

Quasi-Steady- 

12 
12 
12 
12 
12 
30 

0.05 
0.10 
0.25 
0.50 
0.75 
0.50 

7.10 

8.22 
9.61 

9.61 

7.38 

11.0 

Trans ien t  
Average Rate 

mol/g c a t * s )  

8.25 
9.34 
9.89 
10.1 
11.4 
9.97 

1.16 
1.27 
1.20 
1.05 
1.03 
1.04 

* The t r a n s i e n t  r a t e  was normalized with r e spec t  t o  t h e  quas i - s t eady- s t a t e  r a t e .  

d iox ide  t h e  c a t a l y s t  s e e s  w i t h i n  a c y c l e  f a l l s .  It i s  i n c o r r e c t ,  t h e r e f o r e ,  t o  
compare t h e  measurements from the  c y c l i c  ope ra t ion  t o  the s t eady  state measure- 
ments with Cop f r e e  s y n t h e s i s  gas. The proper comparison is  wi th  t h e  s t eady  
s t a t e  r e s u l t s  a t  t h e  same mean l e v e l  of Cop used i n  a complete cyc le  i n  t h e  
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Quasi-Steady- 
State Rate 

mol/g c a t - s )  

32.6 
31.2 
26.9 
19.7 
12.6 
19.7 

p e r i o d i c  fo rc ing  experiments. For example, i f  the cyc le  s p l i t  were 0.5 and t h e  
two source gases  contained 2% and 0% Cop ,  the  mean l e v e l  would have been 1%. 
Unfo r tuna te ly ,  a complete set of s t eady- s t a t e  experiments a t  d i f f e r e n t  C02 
l e v e l s  was not made. However, it is p o s s i b l e  t o  e s t ima te  these  s teady s t a t e  
r a t e s  by assuming a l i n e a r  r e l a t i o n s h i p  between the mole % Cop i n  t h e  gas  and 
the r a t e  of methanol formation.  If t h i s  i s  done, and the est imated s t eady  s ta te  
value i s  divided i n t o  the  measurements shown i n  Table 1, the  normalized r a t e  is  
obtained.  These a r e  found i n  the l a s t  column of the t a b l e .  Normalized r e s u l t s  
r e f l e c t  the  improvement i n  methanol y i e l d  over the  comparable s t eady  s t a t e  
through pe r iod ic  forcing.  

Adding 2% CO2 by volume t o  the  s t o i c h i o m e t r i c  mixture i n c r e a s e s  t h e  
s t eady- s t a t e  methanol formation from 6.8 x t o  12.4 x mol/g c a t s s .  
Ev iden ta l ly ,  pe r iod ic  fo rc ing  is capable  of f u r t h e r  i nc reas ing  the  methanol 
product ion r a t e  by about 25%. Worth no t ing  is t h a t  the  measurement r epor t ed  i n  
t h i s  paper a r e  of a sc reen ing  na tu re  and no a t t e m p t  has been made t o  opt imize 
t h e  pe r iod ic  dosing sequence. 

Table 2 shows our methane product ion r e s u l t s .  In t roduc t ion  of a 
s teady s t ream of Cop i n t o  t h e  feed gas d rama t i ca l ly  suppresses  the  s t e a d y - s t a t e  
r a t e  of formation of methane i n  t h i s  r e a c t i o n  system from 3.4 x lo-' t o  5.4 x 

g mol/g c a t - s .  Although the  methane formation r a t e  f o r  t h i s  c a t a l y s t  i n  
the  absence of carbon dioxide is only about 5% of the  formation r a t e  f o r  
methanol, t h e  in t roduc t ion  of C02 suppresses  t h i s  rate t o  j u s t  0.4% of t h e  
methanol r a t e .  Table 2 shows t h a t  cyc le  per iod has a m c h  s t r o n g e r  e f f e c t  on 
methane than on methanol product ion.  Unlike methanol product ion however, 
p e r i o d i c  puls ing with Cop reduces methane formation s u b s t a n t i a l l y  and s h o r t e n i n g  
the pulse  l eng th  e x e r t s  j u s t  a small  e f f e c t  on the r a t e  of formation.  

T rans i en t  
Average Rate 

mol/g c a t - s )  

3.10 
3.42 
3.39 
2.98 
5.83 
5.87 

Table 2 

Time-Average Rate of Methane Product ion as  a Funct ion of 
Per iod and Cycle-Split With Cop Dosing 

T(mins) Cycle S p l i t  

0.50 
0.75 
0.50 

*Normalized 
Rate  

0.095 
0.11 
0.13 
0.15 
0.46 
0.30 

* The t r a n s i e n t  r a t e  was normalized with r e spec t  t o  the  quas i - s t eady- s t a t e  rate. 

If the r a t e  of formation of methane is propor t iona l  t o  t h e  carbon 
dioxide concen t r a t ion ,  the rate of formation a t  quasi-s teady-state  w i l l  be a 
c l o s e  e s t ima te  of t h e  s teady s t a t e  f o r  CO2 l e v e l s  between 0 and 2 ~ 0 1 % .  These 
values  a r e  appropr i a t e  f o r  comparison with the  time-average r a t e s  of methane 
formation under pe r iod ic  puls ing.  We have assumed appropiateness  and t h e  last 
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column in Table 2 compares t h e  time-average c y c l i c  r a t e s  wi th  t h e  assumed 
s teady-s ta te  ones. These r e s u l t s  i n d i c a t e  t h e  l a r g e  i n f l u e n c e  of dosing t i m e  on 
methane formation. 

P e r i o d i c  sampling through the  gas  chromatograph permi ts  a 
r e c o n s t r u c t i o n  of t h e  change of rate wi th  t i m e  i n s i d e  a dosing cyc le .  These 
r e c o n s t r u c t i o n s  are shown i n  F igures  3 and 4 f o r  t w o  q u i t e  d i f f e r e n t  cycling 
condi t ions :  the f i r s t  is f o r  a s h o r t  pu lse  of Cop c o n t a i n i n g  feed while t h e  
second f i g u r e  considered a r e l a t i v e l y  long pulse.  Immediately upon i n t r o d u c t i o n  
of the  C02-containing gas ,  methane production f a l l s  t o  a l e v e l  which cannot be 
de tec ted  w i t h  our a n a l y t i c a l  equipment. 
stream is in t roduced ,  the methane concent ra t ion  b u i l d s  up t o  about one. The 
measurements have been normalized wi th  e x i t  concent ra t ion  measured a t  steady 
s t a t e  with t h e  C02-containing gas. If a s h o r t  CO2 pu lse  is used, F igure  3 shows 
t h e  normalized c o n c e n t r a t i o n  r i s i n g  to  about 2.4. In both cases ,  t h e s e  va lues  
a r e  w e l l  below the s teady  s ta te  values expected f o r  a COp-free s y n t h e s i s .  

In Figure  4 ,  when t h e  C02-free gas 

In both f i g u r e s ,  methanol production changes very l i t t l e .  Although i t  
is shown i n  t h e  f i g u r e s ,  t h e  CO2 d e t e c t e d  in t h e  stream leaving  t h e  r e a c t o r  
changed very l i t t le  w i t h i n  t h e  dosing cycle.  

DISCUSSION 

The f a i l u r e  of t h e  methanol production r a t e  t o  fo l low the  changes i n  
the  CO2 c o n t e n t  of t h e  gas  coupled wi th  t h e  dramat ic  20 t o  25% improvement in 
production r a t e  w i t h  r e s p e c t  t o  s teady  state s t r o n g l y  sugges ts  t h a t  t h e  
i n t r o d u c t i o n  of Cop causes a r e s t r u c t u r i n g  of t h e  s u r f a c e  andlor  reoxida t ion  of 
the  s i t e s  in the  system. These sites, or s u r f a c e s ,  however, a r e  not  cor rec ted  
immediately back t o  t h e i r  s t a r t i n g  condi t ion  when CO2 is removed. Res t ruc tur ing  
or  reduct ions  appears t o  be very slow. A long-term decay of the  copper lz inc  
oxide c a t a l y s t  a c t i v i t y  i n  t h e  absence of CO2 i n  t h e  feed gas  is observed, of 
course,  i n  s teady  s t a t e  opera t ion .  I f  a massive reoxida t ion  of copper in the  
c a t a l y s t  were o c c u r r i n g  on t h e  i n t r o d u c t i o n  of CO2, methanol production would 
have changed much more sharp ly  then what can be seen i n  the  d a t a  shown i n  
F igures  3 or 4. 

A s h a r p  change i n  production rate does appear,  however, for methane. 
It seems l i k e l y  t h a t  t h e  e x p l a n a t i o n  f o r  t h i s  is a wholesale d e s t r u c t i o n  of t h e  
s i t e s  r e s p o n s i b l e  f o r  methane production by t h e  i n t r o d u c t i o n  of COP. 
Evidenta l ly ,  t h e s e  sites must be q u i t e  d i f f e r e n t  from those f o r  methanol 
formation judging  from t h e  sharp ly  d i f f e r e n t  behaviour when CO2 i s  e i t h e r  
introduced or removed from t h e  system. S u b s t a n t i a l  adsorp t ion  of C o p  accounts 
f o r  t h e  l a c k  of change i n  Cop l e v e l s  i n  t h e  e x i t  stream. 
when t h e  f e e d  i s  CO2-free seems t o  r e s u l t  from methane formation. Methane 
formation i s  favoured thermodynamically a t  t h e  opera t ing  condi t ions  employed so 
t h a t  Cop s u p p r e s s i o n  cannot occur through a e q u i l i b r i u m  i n t e r a c t i o n  because t h e  
r e a c t i o n  sys tem o p e r a t e s  so f a r  away from equi l ibr ium.  
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Figure 1 Schematic of the Periodic Operation of a Catalytic Reactor. 

Figure 2 Schematic of the Experimental Apparatus (PI = pressure gauge, 
TI - thermocouple, GC = gas chromatograph) 
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Figure  3 Time V a r i a t i o n  of Product Concentrations Under P e r i o d i c  Dosing with  
2 vol. % C o p  f o r  r=12 Minutes, *s=0.10 (Concent ra t ions  Normalized 
With Steady S t a t e  Product Concentration Using 2 vol.% Cop in Feed, 
250'C 2.513 MPA). 

F igure  4 Time V a r i a t i o n  of Product Concent ra t ions  Under P e r i o d i c  Dosing w i t h  
2 vol. % CO2 f o r  r=12 Minutes, *s=O.75 (Concent ra t ions  Normalized 
With Steady S t a t e  Product Concent ra t ion  Using 2 v01.X COP in Feed, 
25OOC 2 . 5 1 3  MPA). 

*s, def ined  as t h e  r a t i o  of t h e  C02-rich p o r t i o n  of t h e  c y c l e  t o  
t h e  cyc le  period. 
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